Based on the electronic band structure, we have calculated the dispersion of the linear and nonlinear optical susceptibilities for the mixed CuAl(S 1Àx Se x ) 2 chaclcopyrite compounds with x ¼ 0.0, 0.25, 0.5, 0.75, and 1.0. Calculations are performed within the Perdew-Becke-Ernzerhof general gradient approximation. The investigated compounds possess a direct band gap of about 2.2 eV (CuAlS 2 ), 1.9 eV (CuAl(S 0.75 Se 0.25 ) 2 ), 1.7 eV (CuAl(S 0.5 Se 0.5 ) 2 ), 1.5 eV (CuAl(S 0.25 Se 0.75 ) 2 ), and 1.4 eV (CuAlSe 2 ) which tuned to make them optically active for the optoelectronics and photovoltaic applications. These results confirm that substituting S by Se causes significant band gaps' reduction. The optical function's dispersion e 
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I. INTRODUCTION
In the last decade, the density functional theory (DFT)-based first-principles calculations have been successfully used to obtain different properties of materials. The structural parameters and dynamical properties of crystals determine a wide range of microscopic and macroscopic behavior: diffraction, sound velocity, elastic constants, Raman and infrared (IR) absorption, inelastic neutron scattering, specific heat, etc. The ternary A I B III C VI 2 semiconducting compounds which crystallize in the chalcopyrite structure have received much attention in the recent years. [1] [2] [3] [4] [5] [6] [7] They form a large group of semiconducting materials with diverse optical, electrical, and structural properties. [8] [9] [10] [11] [12] [13] [14] [15] Ternary chalcopyrite compounds with suitable band gaps appear to be promising candidates for various applications, such as solar-cell materials, 16 light-emitting diodes, 17 nonlinear optics, 18 and optical frequency conversion applications in all solid state based tunable laser systems. 19 These have potentially significant advantages over dye lasers because of their easier operation and the potential for more compact devices. Tunable frequency conversion in the mid-IR is based on the optical parametric oscillators (OPOs) using pump lasers in the near IR. 19 On the other hand, the frequency doubling devices also allow one to expand the range of powerful lasers from the far IR, such as the CO 2 lasers to the mid-infrared. [19] [20] [21] The birefringence parameters are important for the above-mentioned applications. As far as the chalcopyrite compounds are concerned, CuInTe 2 and AgGaTe 2 have a positive birefringence, whereas CuInS 2 , CuInSe 2 , AgGaS 2 , and AgGaSe 2 are characterized by a negative one. [22] [23] [24] AgGaS 2 is mostly in use as a near infrared pumped OPO. 19 Further the range of transparency of AgGaSe 2 in the infrared allows for its use as an efficient frequency doubler and tripler of the CO 2 laser lines. 19 The specific A XI B XIII C XVI 2 chalcopyrites concerned in this work used copper as the group XI element, aluminum as the group XIII element, and sulfur or selenium as the group XVI element (the standard group numbering of the chemical elements in the periodic table is used, as recommended by the International Union of Pure and Applied Chemistry (IUPAC)). Since these compounds display large birefringence, [25] [26] [27] [28] they are potentially interesting as nonlinear optical materials, as well as semiconductors, whose band gap favors their applications for solar energetic. So far, however, the trends of the coupling coefficients in these materials are a)
Author to whom correspondence should be addressed. chalcopyrites is influenced by intrinsic defects which form additional trapping levels within the band gap of the host materials, this leads to an enhancement of the optical properties. As a result, the material's properties can be tuned to make them suitable for the optoelectronics and photovoltaic applications. Therefore, further insight into the electronic structure can be obtained from the careful analysis of the optical properties, with an emphasis on the influence of concentration on the variation of the studied characteristics. We would like to mention that we are not aware of calculations or experimental data for the nonlinear optical susceptibilities for the mixed CuAl(S 1Àx Se x ) 2 compounds. Since these materials are technologically important and are widely used for solar cell, optoelectronics, and photovoltaic applications, we thought it worthwhile to investigate them further and calculate their linear and nonlinear optical properties.
II. DETAILS OF CALCULATIONS
CuAl(S 1Àx Se x ) 2 belongs to the group of ternary semiconducting compounds which are of great interest as nonlinear optical materials. 29, 30 The crystal structure of CuAl(S 1Àx Se x ) 2 for x ¼ 0.0, 0.25, 0.5, 0.75, and 1.0, is shown in Fig. 1 . As the first step of our analysis, we optimized the crystal structure of the CuAl(S 1Àx Se x ) 2 compounds using the CASTEP module 31 of Materials Studio. The calculated lattice constants for CuAlS 2 The exchange-correlation effects were modelled within the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional. 35 The plane wave basis set cut-off energy was set at 290 eV, the Monkhorst-Pack scheme k-point grid sampling was 5 Â 5 Â 3 k-points for the Brillouin zone. The calculations were repeated until the following convergence tolerance parameters were achieved: energy 10 À5 eV/atom, maximal force and stress 0.03 eV/Å and 0.05 GPa, respectively, the maximal displacement 0.001 Å . The compositional dependence of the calculated properties was studied by gradual replacement of the S atoms in the CuAlS 2 unit cell by the Se atoms, corresponding to the Se concentration (in %) of 0, 25 36 This is an implementation of the DFT. Exchange and correlation potential was described by the GGA of PBE, which is based on exchangecorrelation energy optimization to calculate the total energy. The structure was optimized by minimization of the forces (1 mRy/au) acting on the atoms using Perdew-BeckeErnzerhof general gradient approximation (PBE-GGA). The Kohn-Sham equations are solved using a basis of linear APWs. The potential and charge density in the muffin-tin (MT) spheres are expanded in spherical harmonics with l max ¼ 8 and nonspherical components up to l max ¼ 6. In the interstitial region, the potential and the charge density are represented by Fourier series. Self-consistency is obtained using 400 k It is interesting that the CuAlX 2 (X ¼ S, Se, Te) compounds possess a direct band gap which makes these materials optically active. The energy band gap values along with the experimental values and the previous theoretical results 37 are listed in Table I . We should emphasize that the energy band gap values are less than the experimental data which are in the limit of the DFT. We find that the effect of substituting S by Se causes to push the conduction band maximum (CBM) towards Fermi level (E F ) resulting in reduction of the energy band gap which has significant influence on the optical properties.
B. Linear optical properties
The compounds, CuAlS 2 and CuAlSe 2 , crystallize in the non-centro-symmetric tetragonal space group I-42d, whereas CuAl(S 0.75 Se 0.25 ) 2 , CuAl(S 0.5 Se 0.5 ) 2 , and CuAl(S 0.25 Se 0.75 ) 2 crystallize in triclinic space group (P-1). These symmetries allow two/three non-zero components of the second-order dielectric (optical) tensor corresponding to the electric field E being directed along a, b, and c-crystallographic axes (which they identify as x, y, and z). These compounds possess pronounced structures of the two/three principal complex tensor components. The imaginary part of the two/three principal complex tensor components completely defines the linear optical susceptibilities. The imaginary parts e To overcome the drawback of the DFT calculation (band gap underestimation), we have applied the scissors correction to the optical properties in order to bring the value of the calculated energy gap exactly to the measured gap. The scissors correction is the difference between the calculated and measured energy gaps. We find that the effect of replacing S by Se has significant influence on the energy gap. Thus, we expect that the effect on the optical properties will be significant. The calculated optical function's dispersion was illustrated in Figs. 2(a)-2(e) . The electronic band structure of the investigated compound suggests that the first spectral structure in e principal complex tensor components by means of the Kramers-Kronig transformation. 39 The values of e xx 1 ð0Þ, e yy 1 ð0Þ, and e zz 1 ð0Þ are presented in Table I. Following Table I , it is clear that the larger e 1 ð0Þ value belongs to the smaller energy gap. This could be explained on the basis of the Penn model. 40 Penn proposed a relation between eð0Þ and E g , eð0Þ % 1 þ ð hx P =E g Þ 2 . E g is some kind of averaged energy gap which could be related to the real energy gap. It is clear that eð0Þ is inversely proportional with E g .
We have calculated the refraction indices at static limit and at k ¼ 1064 nm (1.165 eV), these values are listed in Table I along with the experimental data. 41, 42 The birefringence is the difference between the extraordinary and ordinary refraction indices, DnðxÞ ¼ n e ðxÞ À n o ðxÞ, where n o ðxÞ is the index of refraction for an electric field oriented along the c-axis and n e ðxÞ is the index of refraction for an electric field perpendicular to the c-axis. It is clear that the birefringence is crucial only in the non-absorbing spectral range, which is below the energy gap. We have found that these materials possess positive birefringence at static limit and at k ¼ 1064 nm (1.165 eV), see Table I .
C. SHG
The space group I-42d allows only two nonzero complex second-order nonlinear optical susceptibility tensors v Table II . The static values of the second order susceptibility tensor are very important and can be used to estimate their relative SHG efficiency. The complex second-order nonlinear optical susceptibility tensors are zero below E g =2 and slowly increases up after E g =2 since the 2 x resonance begin to contribute at energies above E g =2. 43, 44 The x resonance begins to contribute for energy values above E g . At the spectral range below E g =2, the SHG is dominated by the 2 x contributions, while above E g , the major contribution comes from the x term.
To analyze the features of jv ð2Þ 123 ðÀ2x; x; xÞj and jv ð2Þ 111 ðÀ2x; x; xÞj spectra, we compare them with the absorptive part of the corresponding dielectric function e 2 ðxÞ as a function of both x=2 and x. As prototype, we demonstrate the comparison of jv ð2Þ 123 ðÀ2x; x; xÞj with e 2 ðxÞ and e 2 ðx=2Þ of CuAlS 2 as illustrated in Fig. 3(d) . The first structure in jv ð2Þ 123 ðÀ2x; x; xÞj spectra between 1.7 and 4.0 eV is mainly originated from 2 x resonance. The second structure between 4.0 and 8.0 eV is associated with interference between 2 x and x resonances. The last spectral structure which extended from 8.0 eV to 14.0 eV, is mainly due to x resonance.
IV. CONCLUSIONS
The structural, electronic, linear, and non-linear optical properties of a series of the mixed chalcopyrite semiconducting materials CuAlS 2 , CuAlSe 2 , CuAl(S 0.75 Se 0.25 ) 2 , CuAl(S 0.5 Se 0.5 ) 2 , and CuAl(S 0.25 Se 0.75 ) 2 were calculated.
The dispersion of the linear and nonlinear optical susceptibilities for all above-mentioned compounds based on the electronic band structure was obtained. The all electron FPLAPW method with GGA-PBE was employed. The calculated electronic band structure suggested that these materials possess a direct energy band gap. Substituting S by Se cause to push the CBM towards Fermi level resulting in significant band gap reduction from 2.2 to 1.4 eV; such a behavior correlates with a corresponding increase in the lattice constant upon this substitution. The DFT's underestimation of the energy gap was corrected at the level of scissors operators. 
